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Above-barrier fusion cross-sections for an isotopic chain of oxygen isotopes with A=16-19 incident
on a 12C target are presented. Experimental data are compared with both static and dynamical
microscopic calculations. These calculations are unable to explain the ∼37% increase in the average
above-barrier fusion cross-section observed for 19O as compared to β-stable oxygen isotopes. This
result suggests that for neutron-rich nuclei existing time-dependent Hartree-Fock calculations un-
derpredict the role of dynamics at near-barrier energies. High-quality measurement of above-barrier
fusion for an isotopic chain of increasingly neutron-rich nuclei provides an effective means to probe
this fusion dynamics.
PACS numbers: 21.60.Jz, 26.60.Gj, 25.60.Pj, 25.70.Jj
Nuclei with an exotic neutron-to-proton ratio provide
a unique opportunity to test our microscopic understand-
ing of nuclei. A distinguishing characteristic of these nu-
clei is the difference in the spatial extent of their neu-
tron and proton density distributions. By systematically
comparing nuclei along an isotopic chain one can gain
insight into the evolution of nuclear properties with neu-
tron number. This approach resulted in the discovery of
the halo nature of 11Li [1]. To date, considerable effort
has been expended to understand ground-state properties
e.g. size, shape, two neutron separation energies, pairing
correlations etc. of these exotic nuclei [2–5]. As neutron-
rich nuclei play a key role in r-process nucleosynthesis
reactions [6], it is crucial to understand not only their
ground state properties but the response of these weakly
bound systems to perturbation. Fusion reactions provide
a powerful means to assess the response of neutron-rich
nuclei to perturbation. As fusion involves the interplay of
the repulsive Coulomb and attractive nuclear potentials,
by examining fusion for an isotopic chain one probes the
neutron density distribution and how that density dis-
tribution evolves as the two nuclei approach and overlap
[7, 8]. Fusion of neutron-rich nuclei has also been hypoth-
esized as providing a heat source that triggers an X-ray
superburst in an accreting neutron star [9]. Investigating
the fusion of neutron-rich nuclei is thus also important
for understanding such astrophsyical events. Radioactive
beam facilities, both those in existence [10–12] as well as
those on the horizon [13] make such measurements feasi-
ble for the first time.
In the present work we examine the dependence of the
above-barrier fusion cross-section for 16,17,18,19O ions on
a 12C target. As only above-barrier energies will be ex-
perimentally accessible for the most neutron-rich beams,
it is important to assess how sensitively changes in neu-
tron number impact the fusion cross-section in this en-
ergy regime. This above-barrier cross-section can be re-
lated to an interaction radius at which the projectile and
target nuclei fuse i.e. the dynamical size of the system as
it fuses. Comparison of fusion at near and sub-barrier en-
ergies for a wide variety of projectile/target combinations
has typically resorted to a scaling approach to disentangle
static and dynamic contributions [14]. By focusing on an
isotopic chain incident on a single target nucleus the need
for such scaling is minimized. In this work, the static and
dynamic contributions to the above-barrier fusion cross-
section are disentangled through direct comparison of the
experimental results with the predictions of different mi-
croscopic models.
Presented in Fig. 1a are the fusion excitation func-
tions for 16,17,18,19O ions on a 12C target. The data for
the 16,17,18O induced reactions have been taken from the
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FIG. 1. Top panel: Fusion excitation functions for
16,17,18,19O+12C (symbols) are presented along with the cal-
culations of the RMF-SP model (solid lines). The predictions
of an analytic fusion model [15] are indicated by the dashed
lines. For clarity, both data and calculations have been scaled
by the factors shown. Bottom panel: Ratio of the fusion cross-
section 19O/18O. See text for details.
literature [16–18] and in the case of 18O supplemented by
our prior measurement [19]. All the excitation functions
shown are relatively flat at higher energies and at lower
energies fall exponentially with decreasing energy signal-
ing a barrier-driven process. In addition to the over-
all characteristic shape, one observes for 16O + 12C a
clear increase in the cross-section in the interval 12 MeV
< Ec.m. < 18 MeV. Precision measurements in this en-
ergy regime associate this increased cross-section with
well known resonances [20]. Resonances in the case of
the other oxygen isotopes are not as discernible.
In addition to the fusion excitation function for the β-
stable nuclei, the fusion excitation function for 19O + 12C
is also shown in Fig. 1a. Although these cross-sections
had been previously reported [7] an improved calibration
has allowed a two to four-fold improvement in the sta-
tistical quality of the data presented [21]. Identification
of heavy fusion products was accomplished through use
of an energy/time-of-flight approach [19] with the heavy
products detected in annular, double-sided silicon detec-
tors. The new calibration of the silicon detectors allowed
inclusion of heavy fusion products over a wider azimuthal
range than previously reported. In these detectors, for
each incident particle, electrons and holes were indepen-
dently collected. To ensure correct identification of a
heavy fusion product, it was required that the energy as-
sociated with both holes and electrons agree to within
±0.5 MeV. The improved energy calibration has resulted
in the reduction of the number of particles rejected by
this energy constraint. The re-analyzed cross-section for
18O + 12C measured simultaneously agrees with the pub-
lished cross-sections [7] within the statistical uncertain-
ties.
The original and the revised cross-sections are pre-
sented as the open red circles and closed red circles re-
spectively. The revised cross-sections are approximately
14% larger than those previously published [7]. A few
points are noteworthy about the new results. With the
exception of the lowest energy, the revised cross-sections
are consistently larger than those originally reported al-
though the new cross-sections typically lie within the un-
certainties previously reported. The reduction in the un-
certainty of the fusion cross-section with the improved
statistics is significant. For the the lowest energy point
the cross-section decreases from 158 mb to 128 mb. In-
spection of the cross-section in Fig. 1a reveals that typ-
ical cross-section above the barrier for 19O is ∼1200 mb
whereas for 18O and 16O it is ∼ 1000 mb. It should
be emphasized that the magnitude of this increase in the
cross-section is robustly measured as a simultaneous mea-
surement of 18,19O + 12C was performed [7].
The impact of changes in the nuclear size on the fu-
sion cross-section, absent any dynamics, was assessed by
employing the Sa˜o Paulo model [22] to predict the fusion
cross-section. The frozen density distributions were de-
termined using a relativistic mean field (RMF) approach
using the FSUGOLD interaction [23, 24]. The results of
these calculations, designated RMF-SP, are presented in
Fig. 1 as solid lines. While the predictions of the RMF-SP
model is in reasonable agreement with the experimental
cross-sections for 16O and 18O (and the limited existing
data for 17O), in the case of 19O the RMF-SP model sys-
tematically underpredicts the measured cross-sections.
We have also compared the measured excitation func-
tions with the predictions of an analytical model based
on a parameterization of the Sao Paulo potential model
coupled with a barrier penetration fomalism [15, 25, 26].
This model which has parameterized a large number of
reactions is a useful tool for network simulations. The
above-barrier cross-sections predicted by this model are
depicted in Fig. 1a as the dashed lines. The cross-sections
from the analytic model lie close to the RMF-SP values
but are slightly smaller in magnitude. While providing a
reasonable description of the 16,17,18O data, the analyt-
ical fusion model also underpredicts the 19O excitation
function.
To examine this enhancement of the fusion cross-
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FIG. 2. Comparison of CCFULL calculations (solid lines)
with the experimental excitation functions. The long dashed
line depicts the CCFULL calculations using a radius param-
eter of r0=0.85 fm for
19O. Both data and calculations are
scaled by the factors indicated for clarity.
section for 19O more quantitatively and with less
sensitivity to systematic uncertainties, the ratio of
σ(19O)/σ(18O) is also presented in Fig. 1b. To construct
this ratio the experimental excitation functions have been
fit with a simple barrier penetration formalism[7, 27]. In
the above-barrier regime the ratio is relatively flat with
a value of approximately 1.22. The uncertainty in the
ratio is depicted by the shaded region.
TABLE I. Woods-Saxon parameters used in the CCFULL cal-
culations for the different systems.
VC (MeV) r0 (fm) a (fm)
16O + 12C -256.0 0.770 0.720
17O + 12C -256.0 0.770 0.720
18O + 12C -281.0 0.741 0.759
19O + 12C -300.0 0.740 0.759
Given the under-prediction of the measured cross-
section by the static RMF-SP calculation for 19O , the
role of dynamics was considered. A coupled channels ap-
proach [28] was utilized to assess the impact of dynamics
on the fusion cross-section. Coupled channels calcula-
tions consider fusion dynamics as the coupling to excited
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FIG. 3. Comparison of TDHF and FHF calculations with the
experimental excitation functions. Both data and calculations
are scaled by the factors indicated for clarity.
states of the colliding nuclei through mutual Coulomb
excitation. Calculations with this coupled-channel ap-
proach have been successful at describing the fusion of
stable and near β-stable nuclei [29]. Calculations were
performed with the coupled channels code CCFULL [30]
using the Woods-Saxon potential parameters listed in Ta-
ble I. The value for these parameters was chosen consis-
tent with the Akyuz-Winther optical model and based
on elastic scattering data [31]. For 12C, vibrational cou-
pling to the 2+ state at 4.439 MeV was included. In the
case of 16O and 18O, vibrational coupling to the 2+ state
at 6.917 MeV and 1.982 MeV was accounted for while
for 17O and 19O, rotational coupling to the excited state
at 8.466 MeV and 2.779 MeV respectively, a 7
2
+
state,
was included. The resulting fusion excitation functions
for the various oxygen isotopes are shown in Fig. 2 as
solid lines. The overall description of the measured fu-
sion excitation functions is reasonable with the exception
of 19O. In this case, in order to obtain a reasonable de-
scription of the excitation function it was necessary to
increase the radius parameter in the Woods-Saxon po-
tential from 0.74 fm to 0.85 fm. The result of the latter
calculation is represented by the long dashed line. The
need to arbitrarily increase the radius parameter by 15%
in order to reproduce the measured cross-sections could
be interpreted as the contribution of additional excited
states to the fusion cross-section.
4To provide an independent assessment of the role of dy-
namics while avoiding the arbitrary truncation at a finite
number of excited states, we chose to compare the exper-
imental data with the predictions of a time-dependent
Hartree-Fock (TDHF) model. On general grounds a
TDHF approach is well-suited to describing the large-
amplitude collective motion associated with fusion. Re-
cently, advances in theoretical and computational tech-
niques allow TDHF calculations to be performed on a
3D Cartesian grid thus eliminating artificial symmetry
restrictions [32]. While in the sub-barrier regime in order
to accurately describe the fusion cross-sections it is neces-
sary to perform density constrained TDHF (DC-TDHF)
calculations [19, 33, 34] to obtain the heavy-ion poten-
tials [35], at the above-barrier energies considered in this
work direct TDHF calculations can be performed by ini-
tiating collisions for increasing impact parameters until
the maximum impact parameter for fusion is reached. In
practice this was done with an impact parameter preci-
sion of 0.02 fm. For odd nuclei frozen pairing approxi-
mation was used in TDHF calculations.
A self-consistent reference point for the TDHF calcula-
tions is provided by first calculating the cross-section by
folding frozen Hartree-Fock density distributions (FHF).
As they lack the non-local character present in the RMF,
these density distributions are slightly different from
the density distributions used in the RMF-SP calcula-
tion. Consequently, the fusion cross-sections predicted
by the FHF model are slightly larger than those pre-
dicted by the RMF-SP. The predictions of the FHF model
(dashed line) are compared with the experimental data
in Fig. 3. In the case of 16,17,18O the predicted fusion
cross-section matches or slightly exceeds the experimen-
tal cross-sections. For 19O however, the predicted cross-
sections underpredict the experimental values. The im-
pact of the dynamics on the cross-section is indicated
by the difference between the FHF calculations and the
TDHF results (solid line). While the impact of the dy-
namics for these systems is not large, as expected, in-
clusion of dynamics acts to increase the predicted cross-
sections. Even with this inclusion of dynamics, however,
the measured cross-sections for fusion of 19O + 12C are
underpredicted. This is particularly surprising since for
light systems, due to the absence of breakup, the TDHF
usually overpredicts the fusion cross-sections. The rela-
tively small difference between the FHF and TDHF cal-
culations suggests that normally considered excitations of
the entrance channel nuclei are unlikely to play a signif-
icant role at above barrier energies for light nuclei. This
result also suggests that the enhancement in the fusion
cross-section for 19O is not a standard excitation.
The dependence of the average fusion cross-section on
neutron number is examined in Fig. 4. The quantity
<σ>1812 represents the average fusion cross-section deter-
mined over the range 12 MeV < Ec.m. < 18 MeV. Error
bars indicated represent the deviation of the measured
N
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FIG. 4. Dependence of the average fusion cross-section in
the interval 12 MeV < Ec.m. < 18 MeV on neutron number.
Experimental cross-sections are compared with the results of
calculations with the RMF-SP, FHF, and TDHF models.
cross-section from the average, energy dependent cross-
section. The average energy dependent cross-section was
evaluated by parameterizing the experimental data [27].
While the average cross-section for 16O and 18O is compa-
rable, 831 mb and 858 mb, respectively, 19O manifests a
significantly higher cross-section of 1178 mb. This corre-
sponds to a ∼37% increase in cross-section with the addi-
tion of a single neutron to 18O. This ∼37% increase in the
experimental above-barrier fusion cross-section with the
addition of a single neutron is remarkable. It should be
compared to the increase of the total cross-section in the
case of the Li isotopes [36]. For the halo nucleus 11Li, the
total reaction cross-section increases by 30% as compared
to 9Li, a comparable increase. This increase in the cross-
section for the addition of two neutrons is associated with
an increase in the interaction radius from∼2.4 fm (9Li) to
∼3.2 fm (11Li) [1]. It should be appreciated however that
the high-energy measurement of the total reaction cross-
section probes effectively the static size of the nuclei. In
contrast, the near-barrier fusion cross-section presented
in this work reflects both the static and dynamic contri-
butions to the size of the fusing system. The measured
interaction cross-section for 18,19O on a carbon target at
∼900 A.MeV [37] exhibits only a modest increase from
1032 ± 26 mb to 1066 ± 9 mb with increasing neutron
number. This result directly indicates that the measured
increase in the near-barrier fusion cross-section is not the
result of simply a larger static size or deformation but
results from the low-energy fusion dynamics. Although
the quantity <σ>1812 cannot be calculated for
17O due to
5the lack of experimental data, it can be estimated from
Fig. 1a that if the data followed the smooth behavior pre-
dicted by the RMF-SP model, one would expect <σ>1812
cannot be calculated for 17O due to the lack of experi-
mental data, it can be estimated from Fig<σ>1812 cannot
be calculated for 17O due to the lack of experimental
data, it can be estimated from Fig. 1a that <σ>1812 would
have a value of ∼820 mb. This suggests that the fusion
enhancement for 19O is not due to an odd even effect.
This expectation requires experimental verification.
The impact of breakup on the fusion cross-section is a
natural question to consider as the projectile nuclei be-
come more weakly bound with increasing neutron num-
ber. In the case of 11Li + 208Pb, the fusion cross-section
predicted by the TDHF model exceeded the measured
cross-section [38]. Other models provided a similar over-
prediction [38]. This overprediction was attributed to
the absence of breakup processes in the TDHF model
prior to fusion. Projectile breakup is induced either
by the target’s Coulomb field or it’s nuclear field. For
Coulomb-driven breakup the breakup probability is ex-
pected to scale with atomic number [39]. Given the low
atomic number of the target nucleus in these reactions
it is expected that any breakup is dominantly nuclear
[40]. Given the range of the nuclear force, this breakup
occurs when the two nuclei are close, leading to a higher
probability of capture. Consideration of the Q-values for
the nuclei under consideration argues against a dramatic
change in the role of breakup for 19O. The Q-value of
single neutron removal for 19O → 18O + n is -3.96 MeV,
comparable to is -4.14 MeV for 17O → 16O + n. Two-
neutron removal for 19O→ 17O + 2n is -12.00 MeV, very
comparable to the Q2n=-12.19 MeV for
18O. Thus, based
on the Q-values a significant change in the role of capture
following neutron breakup is not expected.
The predictions of the average cross-section for the
RMF-SP, FHF, and TDHF models are indicated by the
dashed, dotted, and solid lines respectively. The RMF-
SP and FHF exhibit a similar slope with the RMF-SP
systematically predicting a smaller cross-section (smaller
interaction radius) than the FHF model. Although the
RMF-SP is in better agreement with the experimental
data for 16,18O, neither the FHF nor the RMF-SP pro-
vides an adequate description of the 19O cross-section.
The better agreement between the RMF-SP model and
the experimental data for 16,18O may be due to its in-
clusion of momentum correlations between the nucleons,
which presumably results in more accurate density dis-
tributions than the FHF model. From the comparison of
the RMF-SP with the 19O cross-section it is clear that
19O nucleus does not follow the simple scaling due to
nuclear size as incorporated into the RMF model. The
TDHF model which includes dynamics predicts a slightly
larger cross-section than the FHF model with a slightly
stronger dependence on neutron number. However, the
TDHF model still fails to describe the measured cross-
section for 19O. The difference between the TDHF and
FHF calculations indicates the degree to which dynam-
ics, as realized in the TDHF model, impacts the fusion
cross-section at above-barrier energies.
Comparison of the experimental data with the static
RMF-SP and FHF models demonstrates that while the
cross-sections for 16O and 18O can be understood as pri-
marily due to the static size of the nuclei, the enhance-
ment of the fusion cross-section for 19O significantly ex-
ceeds the prediction of these static models. Even inclu-
sion of dynamics with the TDHF model is insufficient to
explain the increase. This underprediction of experimen-
tal cross-sections by TDHF also implies that substan-
tially expanding the number of excited states included in
the CCFULL model would also underpredict the experi-
mental data.
The underprediction of the experimental fusion cross-
sections by the TDHF model suggests that extremely
large-amplitude collective motion are not sufficiently rep-
resented in the TDHF model. Though they may be rare,
these extremely large-amplitude deformations may play
a crucial role in the fusion process. Whether these large-
amplitude deformations are coupled to bound states or
the continuum is presently unclear. What is clear is that
high-quality measurement of above-barrier fusion for an
isotopic chain of increasingly neutron-rich nuclei provides
an effective means to probe these deformations, under-
scoring the importance of such measurements for the
most neutron-rich light nuclei accessible.
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